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NATIONAL AERONIUTTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-106 

INVESTIGATION OF ALUMINUM PHOSPHATE COATINGS FOR TRERMAL 
i 

INSULATION OF 

By A. G. &banks and D. G. Moore 

SUMMARY 

I Coatings bonded with aluminum phosphate were investigated f o r  pos- 
s i b l e  use as thermal insulat ion on airframes. The coatings were prepwed 
by mixing i n e r t  ceramic f i l l e r s  with an aqueous solution of monoaluminum 
phosphate; they were applied at  thicknesses from 0.002 t o  0.20 inch t o  
various metals and a l loys  by spraying, brushing, or dipping. The heavier 
applications were reinforced w i t h  expanded SAE 1020 carbon s teel  spot- 
welded t o  the  base metal. 
insoluble i n  water when cured f o r  2 hours at  400° F or f o r  1/2 hour at 
600° F. 

c The coatings became permanently hard and 
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Measurements showed the  following range i n  propert ies  f o r  various 
(1) Hardness, 2.3 t o  4 on Moh's scale; (2)  density,  1.4 compositions: 

t o  2.4 g/cm3; (3 )  refractor iness ,  2,810' t o  3,170' F by cone-fusion test; 
(4 )  thermal conductivity, 5 t o  10 Btu/ft -hr(OF/in.); ( 5 )  thermal-shock 
resis tance on s t a in l e s s  s t e e l ,  poor t o  excellent depending on coating 
thickness; and (6)  total hemispherical emittance, 0.5 t o  0.7 at 1,500' F 
on i n i t i a l  heating depending on coating composition. 
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The combination of high refractor iness ,  low curing temperature, and 
variable emittance (depending on composition) suggests that t h e  coatings, 
when applied as a th in  layer,  might be useful  i n  regulating heat transfer 
by radiat ion.  Heavy insulat ing layers  were sens i t ive  t o  thermal shock 
and hence would be unsuited f o r  airframe applications involving rapid tern- 
perature change. 

INTRODUCTION 

The high speeds of present-day missiles and a i r c r a f t  both within the  

Blunting of the leading edge so  t h a t  the shock wave would form 
e ea r th ' s  atmosphere and upon reentry have created serious aerodynamic heating 

problems. 
ahead of t he  surface and d iss ipa te  heat t o  the  air was a major s t ep  forward 
( ref .  1). Even w i t h  t h i s  design improvement the  surface may, i n  some 
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instances, reach such high temperatures as t o  reduce the  s t r u c t u r a l  
s t rength of the  airframe dangerously. 

I n  applications where such heating occurs, some means must be pro- 
vided t o  keep the  temperature at  or below an acceptable l i m i t .  Several  
methods have been suggested by which excessive temperature "buildup" 
might be prevented. One i s  by "sweat cooling" (ref.  1). Another i s  t o  
c i rcu la te  l i qu id  coolants beneath the  airframe skin.  A t h i r d  method i s  
t o  apply a coating of su i tab le  thermal propert ies  t o  c r i t i c a l  areas of t he  
outer surface, and thus protect  the metal from rapid temperature change, 
o r  from excessive temperature i n  those applications i n  which the  heating 
i s  for short  durations. 

A coating might serve e i the r  of two functions i n  reducing the  sur- 
face temperature of t he  metal. F i r s t ,  i f  i t s  emittance i s  high, even a 
t h i n  appl icat ion could bring about cooler operation by rad ia t ing  away 
pas t  of the  absorbed heat; second, a th ick  coating of low thermal con- 
duc t iv i ty  could r e t a rd  the  flow of heat t o  the  metal. For e i the r  use, 
t he  coating should be l i g h t  i n  weight, be heat r e s i s t an t ,  have excellent 
thermal-shock resis tance,  bond t i g h t l y  t o  the  airframe, and have a surface 
of such smoothness that  it w i l l  not impair aerodynamic efficiency. In 
addition, application of the  coating a t  low temperature should be feas ib le .  
This last requirement i s  of par t icu lar  importance s ince it i s  impracticable 
i n  many cases t o  subject the airframe t o  a high temperature during the  
coating process. 

Bonding agents t h a t  might be used t o  prepare coatings with low curing 
temperatures include the s i l icones,  the  soluble s i l i c a t e s  (e.  g., sodium 
s i l i c a t e  and potassium s i l i c a t e ) ,  the metal phosphates, and the  calcium 
aluminate hydraulic cements. 
above the  l,OOOo t o  1,200' F range, and the soluble s i l i c a t e s  lack refrac-  
to r iness .  Although the  calcium aluminate hydraulic cements harden at  room 
temperature, they cannot be used i n  premixed coating compositions because 
the  hardening process begins very shor t ly  after the addition of water. 
metal phosphates, however, appeared promising. Exploratory work had shown 
tha t  coatings containing monoaluminum phosphate gave good bonding t o  metals, 
and were qui te  re f rac tory  when cured at a temperature as low as 400° F. 
Because of t h i s  promise, a more complete investigation w a s  indicated. 

The s i l icones  are unstable at  temperatures 

The 

T h i s  report  gives the  r e s u l t s  of t he  investigation. The goal was t o  
learn as much as possible about the  preparation and appl icat ion of coatings 
of t h i s  type and also t o  determine such propert ies  of the  coatings as might 
be of engineering in t e re s t .  

The invest igat ion was  car r ied  out i n  the Enameled Metals Section of 
the  National Bureau of Standards with the  f inanc ia l  ass is tance and under 
the  sponsorship of the  National Advisory Committee f o r  Aeronautics. 

8 
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Subscripts : 

b 

C 

cross-sectional area 

diameter of b a l l ,  mm 

diameter of indentation measured with microscope having a 
f i l a r  eyepiece, mm 

emittance of specimen 

thermal conductivity 

load on b a l l ,  kg 

temperature of water-cooled she l l ,  % 

temperature of specimen surface, 4( 

power input needed t o  maintain gage length of specimen at  a 

Stefan-Boltunann constant, 5.672 x 10-5 erg/( sq cm) (sec)  (OK?) 

uniform temperature T ~ ,  erg/( sq cm) (sec)  

b a r  or bar material 

coating material 

PROPERTIIB OF MONOALUMINUM PHOSPHATE 

Kingery ( r e f .  2) studied phosphate bonding i n  r e f r ac to r i e s  and found 
tha t  only the acid phosphates (those that contain at  least one hydrogen 
ion) contributed any bonding act ion t o  the  refractory mixtures studied, 
and that one of t he  most powerful of these w a s  monoaluminum phosphate 
(Al,03.3P 0 .6 0 . 
t h i s  compound, finding, f o r  example, that the  viscosi ty  of aqueous solu- 
t i ons  increased with concentration and decreased with temperature. From 
the  r e s u l t s  of a number of d i f fe ren t  experiments and from X-ray d i f f rac-  
t i o n  s tudies  he showed that a l l  mechanically held water i s  evolved at  
approximately 215' F. 
bined water a t  a temperature of 460' F. 

He measured many of the rheological propert ies  of 2 5  

- 
This i s  followed by the  l o s s  of half  of t h e  com- 

The resu l t ing  product i s  amorphous, 
b 
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having the composition +03.3P205.31$0. As the  temperature is increased , 
above 600' F, some c rys t a l l i za t ion  i s  observed; at 930' F, the  remaining 
water disappears and the anhydrous aluminum metaphosphate Al 0 .3P 0 is  
formed . 2 3  2 5  

J 

MATERIALS 

The coatings studied i n  t h i s  invest igat ion were composed of an i n e r t  
f i l l e r  mater ia l  bonded with aluminum phosphate. 
mixing the  f i l l e r  mater ia l  i n  powder form with aqueous solut ions of mono- 
aluminum phosphate. 

They were prepared by 

The monoaluminum phosphate solut ion was prep.ared as follows: Hydrated 
alumina w a s  ball-milled dry until it passed a U. S. Standard 325 m e s h  
sieve.  One hundred and f i f t y  grams of this mater ia l  were placed i n  a 
1-gallon b a l l  m i l l  with TOO grams of 85 percent orthophosphoric ac id  and 
milled f o r  1 hour. A t  the  end of t h i s  time, an addi t iona l  l5O grams of 
hydrated alumina were added t o  the  charge. After a second mil l ing period 
of 2 hours, 750 grams of water were added, and the  m i l l i n g  was continued 
f o r  13 minutes more. The solut ion was  removed from the  mill and allowed 
t o  stand f o r  24 hours. The c l ea r  solut ion w a s  then decanted. The pH of 
the  decanted solut ion was 1.67 and i ts  spec i f ic  grav i ty  w a s  1 . 3 4 .  Calcu- 
l a t ions  based on the  weight of unreacted alumina showed that the  mol r a t i o  
of Al 0 

the  750 grams of water t o  the m i l l  was  necessary t o  obtain a 40 percent by 
weight solut ion s ince solut ions containing more than t h i s  amount of mono- 
aluminum phosphate were found t o  be unstable during storage.  

r 
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t o  P 0 i n  the  react ion product was 1.1 t o  3. The addition of 2 3  2 5  

The solut ion as prepared above attacked aluminum and i ts  a l loys  
ra ther  vigorously and even A I S 1  type 321 stainless s t e e l  t o  a l imited 
extent.  It was found t h a t  t h i s  a t t ack  could be prevented by the  addition 
of 12 grams of chromiumtrioxide (cro3) per 100 m i l l i l i t e r s  of solut ion 
and, hence, t h i s  amount was added t o  a l l  monoaluminum phosphate solut ions 
prepared. 

A number of possible  f i l l e r  mater ia ls  were investigated.  It was 
found that almost any mater ia l  that was  i n e r t  t o  a t tack  by acids  could 
be used as a f i l l e r .  
impurity ser iously reduced the  bonding power of the  solution. 
of usable f i l l e r  materials a re  l i s t e d  i n  t a b l e  1. 

The a l loy  used i n  preparing t e s t  specimens f o r  evaluating coating 

It was a l so  found that small amounts of a reactable  
A number 

T 

propert ies  was AIS1 type 321 s t a in l e s s  s t e e l .  

(80 N i - 1 5  Cr-5Fe) showed t h a t  the  coatings could be applied t o  a l l  of 
these 'a l loys.  

However, a few t e s t s  made 
with 2s-0 aluminum al loy,  SAE 1020 carbon s t ee l ,  and Inconel /< 

, 
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PREPARATION OF COATINGS AND METAL SURFACE 

i 

1 
3 
0 

The coatings were prepared by mixing the  batch materials f o r  1/2 hour 
i n  a 1-quart b a l l  m i l l .  
solut ion plus water) added t o  the  f i l l e r  was su f f i c i en t  t o  give a creamy 
suspension, or  s l i p ,  when the  mixture was removed from the  m i l l .  Tests 
w i t h  powdered quartz as a f i l l e r  (see sect ion on hardness) were used t o  
e s t ab l i sh  a suitable r a t i o  of phosphate solut ion t o  f i l l e r .  T a b l e  1 l i s t s  
the  coating compositions that  were selec-ted f o r  study. 

I n  each case, the  amount of l i qu id  (phosphate 

Two methods of preparing the metal surface were investigated.  One 
w a s  simply t o  clean t h e  surface with an organic solvent.  The other w a s  
t o  sandblast. Adherence was somewhat better when the  metal surface was 
prepared by sandblasting. 

APPLICATION TECHNIQUES 

c 

The appl icat ion techniques investigated were dipping, spraying, and 
brushing. A l l  three techniques were found t o  be s a t i s f ac to ry  f o r  appli-  
cations of 0.005-inch thickness or l e s s .  When the coatings were’brushed 
on, however, the brush marks did not smooth out as w e l l  as they do with 
some organic enamels. 

For heavier applications the  only sa t i s f ac to ry  method among those 
t r i e d  w a s  spraying. It w a s  found t h a t  the  thickness could be b u i l t  up 
t o  as much as 3/8 inch by a series of spray appl icat ions separated by 
short  drying periods . 

The surface f i n i s h  of the  cured coatings depended somewhat on t h e  
fineness of the  f i l l e r  material used. No quant i ta t ive measurements w e r e  
made, but examination under a low-powered binoculecr microscope indicated 
t h a t  t he  f in i shes  of t he  various coatings ranged from w h a t  might be 
obtained on a s t e e l  surface by polishing with a number 4/0 emery paper t o  
that obtained with a number 0 emery paper. 
glossy f in i sh .  

None of t he  coatings had a 

A smoother surface could be achieved by polishing with f i n e  abrasive 
paper, but, becau’se of t he  pore s t ruc ture  of the coating, a high mirror 
po l i sh  could not be obtained. 

USE OF RFIIWORCING MATERIALS 

’ Although it i s  possible t o  build up ra ther  heavy layers  by the  
spraying technique, preliminary tests indicated that t h e  heavier 

I 
1 
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applications were quite sensitive to thermal shock. A recent report by 
Sklarew, Hauck, and Levy (ref. 3) on the development of thermally insu- 
lating coatings for ram-jet applications has indicated that a metal mesh 
reinforcement will improve the structural stability and thermal-shock 
resistance of a ceramic insulating layer. After experimenting with a 
large variety of reinforcing materials, these investigators concluded 
that expanded metal gave the best performance. 
an excellent mechanical interlock because the sides of the mesh are not 
vertical but are inclined at an angle, thus forming an overhang of metal 
over each of the mesh openings. 

This material provides 

The expanded metal selected for the present investigation was fab- 
ricated of 22-gage SAE 1020 carbon steel and had diamond-shaped openings 
that were approximately 3/16 inch across the shortest dimension and 
3/8 inch across the longest. 
0.065 inch and its weight was 0.45 pound per square foot. 

The overall thickness of the material was 

Squares of the expanded metal were spot-welded to blanks of type 321 
stainless steel, the spot-welds being made at points 1/2 inch apart in 
each direction. The composite specimens were then sandblasted. Batches 
of coatings IC-lO9F, IC-126, IC-ll?M, and IC-135 were prepared in which 
the water content was reduced in order to obtain a trowelable mixhre. 
A number of specimens were prepared from each coating. 
the coatings after curing was approximately 0.20 inch. 

The thickness of 

PROPERTIES OF COATIXGS 

Because of the number of coating compositions prepared, it was 
impracticable to carry out all property determinations on each of the 
coatings. Therefore, a number of representative coatings were selected 
upon which to make measurements. 
(1) Hardness, (2) moisture resistance, (3) thermal-shock resistance, 
(4) thermal conductivity, (5) refractoriness, (6) thermal expansion, 
(7) density and porosity, (8) oxidation protection, and (9) total hemi- 
spherical emittance. 

The properties determined were: 

Hardness 

Hardness measurements were made with a model U S  Rockwell Superficial 
Hardness Tester on coatings that had been cured at 400° F for 2 hours. 
measurements were made with a 15-kilogram load  using either a 1/16 inch or 
a 1/8-inch-diameter ball (T-scale or W-scale) depending upon the hardness 
of the coating. 
obtained with the l5T scale to those obtained with the l5W, comparisons 

The 

Since no factors are available for converting values 

W 
1 
3 
0 
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W 
1 
3 
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between coatings were d i f f i c u l t  t o  m a k e .  Therefore, a parameter ca l led  
t h e  "hardness index" w a s  computed by using the  Br ine l l  formula: 

Hardness index = ,i$$T?q 
The hardness t es t  results as given i n  table 1 indicate  t h a t  t he  hazd- 

ness of t he  coatings i s  primarily dependent upon the  f i l l e r  used, t he  
harder f i l l e r s  giving the  harder coatings. 

Table 1 a l so  includes data on the  e f f ec t  of t h e  amount of t he  phos- 
phate bonding solutfon on hardness. Four coatings were prepared by adding 
various amounts of t he  phosphate solution and water t o  a constant amount 
of powdered quartz ( 2  percent re ta ined on a U. S. Standard 325-mesh s ieve) .  
These coatings are given i n  table 1 as compositions I C - 1 0 7 ,  IC-108, I C - 1 0 9 ,  
and I C - 1 1 0 .  
to .  sandblasted AIS1 type 321 s t a in l e s s  s teel  and then air-dr ied f o r  
1/2 hour. 
three specimens of each coating were cured f o r  1/2 hour at  temperatures 
of B O o ,  400°, 6m0, and 800° F. 
about 0.020 inch. 
each coating cured at  each temperature. Figure 1 is a p lo t  of t he  hard- 
ness index a t  the  four curing temperatures f o r  t he  four coatings. It is  
apparent from t h i s  p l o t  t h a t  hardness, and presumably strength,  decreases 
with a decrease i n  aluminum phosphate content. The cause i s  not known 
f o r  the  peak at 600' F i n  the  hardness values f o r  coatings I C - l o 7  
and IC-108. 
w o u l d  probably have the same general shape as those f o r  coatings rC-109 
and I C - 1 1 0 ,  which have lower phosphate contents. 
i n  coating I C - 1 0 9  gave both f a i r l y  high hardness values and good work- 
a b i l i t y ;  hence, t h i s  r a t i o  was  selected f o r  a l l  coatings with designation 
numbers higher than I C - l o g .  

After the coatings were milled, they were applied by spraying 

After an addi t ional  drying treatment of 1/2 hour at  215O F, 

The thickness of the cured coatings was 
Hardness values were obtained on three spedimens of 

If t h i s  e f f ec t  were absent, t he  curves f o r  these two coatings 

The bond-to-filler r a t i o  

The hardness of t he  coatings was a l so  determined using Moh's sca le  
with values ranging from 2.5 t o  4. 

Moisture Resistance 

The moisture res is tance of the  coatings, and the e f f ec t  of d i f f e ren t  
curing periods and curing temperatures on t h i s  property, w e r e  determined 
by two tes t  procedures. 

I n  the first procedure, the  thicknesses of th ree  specimens of each 
coating were measured t o  the  nearest  0.0001 inch at  a selected spot, and 
the  specimens were immersed f o r  3 hours i n  boiling t a p  water having a 
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pH of 7.2. 
at the  same spot as before. 

After t h i s  treatment thickness measurements were taken again s 

The second measurement of the moisture res i s tance  was made by using .* 

t h e  water-dropping apparatus shown i n  f igu re  2. I n  t h i s  tes t ,  t he  speci- 
mens were subjected t o  the  impingement of water drops f a l l i n g  a dis tance 
of 12 inches. 
l i t e rs )  per minute. 
l i n e  of f a l l  of t he  drops. 

The rate of del ivery was 140 f 4 drops (8.2 f 0.2 m i l l i -  
The specimens were held at  an angle of 4 3 O  t o  t he  

The specimens were cured at six d i f f e ren t  temperatures (room t e m -  W 
1 perature,  200°, 300°, 400°, 600°, and 800' F) and f o r  nine d i f f e ren t  time 
3 
0 

periods (10, 20, 30, 40, and 50 minutes and 1, lz, 1 2, and 

w e r e  then t e s t ed  f o r  moisture res is tance.  The coatings became moisture 
r e s i s t a n t  as determined by bo th  of t he  s o l u b i l i t y  tes t  conditions when 
they had been cured a t  a temperature of at  l e a s t  400' F f o r  a t  least 
1/2 hour. I n  a 3-hour boiling-water t es t  performed on specimens cured 
under these conditions, a s l i g h t  discolorat ion of t he  water showed t h a t  
t h e  chromium t r iox ide ,  which had been added t o  i n h i b i t  a t tack  of the 
metal, had not been completely converted t o  m insoluble form. This 
s l i g h t  s o l u b i l i t y  d id  not seem t o  a f f e c t  t he  moisture res i s tance  'of t he  
coatings. 
least 2 hours or at 600° F f o r  at  least 1/2 hour. 

No discolorat ion was  noted on coatings cured a t  400' F f o r  a t  

Thermal-Shock R e s  i s  tance 

Two thermal-shock tests were used i n  the  invest igat ion.  One con- 
s i s t e d  of inser t ing  coated AIS1 type 321 s t a in l e s s - s t ee l  specimens in to  a 
hot furnace, allowing them t o  remain u n t i l  they had reached furnace t e m -  
perature,  and then removing them from the  furnace t o  cool i n  air. 
procedure was  repeated a t  each tes t  temperature e i t h e r  u n t i l  t he  coating 
f laked from the  metal at one or more spots  o r  u n t i l  10 cycles had been 
completed. The coatings subjected t o  t h i s  tes t  were applied at thick- 
nesses of 0.005, 0.020, and 0.20 inch. The specimens with 0.20-inch- 
th i ck  coatings were reinforced with expanded m e t a l  mesh. A f r e sh  set of 
three specimens of each thickness was tested at each temperature. 
temperatures used were 600°, 800°, l,OOOo, 1,2Oo0, 1,400°, and 1,8Oo0 F. 

This 

The 

The second tes t  procedure w a s  the  same as the  f i r s t  except t h a t  t he  
The coating thicknesses f o r  t h i s  test  specimens were quenched i n  w a t e r .  

were O.OOl5 and 0.003 inch. 
given i n  t a b l e  2. 

The results of the  thermal-shock tests are 

I The coating having the  best  thermal-shock res i s tance  among those 
t e s t ed  i n  the  unreinforced condition was  IC-109F. This coating when I 
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applied at  a thickngss of 0.0017 inch did not f a i l  when quenched 10 times 

quenched from 1,200O F without failure. 
c i n  water from 1,400 F. A t  a thickness of 0.020 inch it could be air- 

b The poorest thermal-shock resis tance was exhibited by the  coating 
containing calcined alumina (IC-123). 
thickness of 0.005 inch f a i l e d  at  800' F upon air-cooling. 

This coating when applied at  a 

The use of re inforcing improved the  thermal-shock resis tance of t h e  
thicker  applications considerably. 
anchored t o  the  m e t a l  after 10 air-quenches from 1,800' F, t h e  highest 
t es t  temperature used. 
tested, however, that cracking of the  coating and separation from the  
metal began at  about l,x)Oo F. 

I n  every case the  coatings remained 

It was noted i n  a l l  the  reinforced specimens 

Thermal Conductivity 

The method selected fo r  t he  measurement of thermal conductivity of 
t he  coating materials was a modification of t ha t  used by Van &sen and 
Shelton (ref.  4) .  It consis ts  of imposing a temperature gradient a x i a l l y  

along two 12-inch-diameter 1 ALSI type 303 s ta in less -s tee l  bars between . which w a s  placed a wafer of t he  material t o  be tes ted.  
were computed from temperature measurements m a d e  w i t h  thermocouples placed 
i n  s m a l l  holes at  known points along both bars. 

The gradients 

The coating materials t o  be t e s t ed  were prepared i n  the  form of disks 
approximately 3/16 inch th ick  and of t h e  same diameter as the  s ta in less -  
s teel  bars. T h i s  was done by casting the coating s l i p  in to  a mold lined 
with Teflon. After removal from the mold, the  disks w e r e  f i r s t  dried at 
200' F, then cured at  400° F f o r  2 hours, and f i n a l l y  heated t o  1,200' F 
f o r  15 minutes. 
t o  within 0.001 inch with number 600 s i l i con  carbide abrasive on a cas t  
i ron  lap.  The contact surfaces of the  s ta in less -s tee l  bars were prepared 
i n  the  same manner. After inser t ion  of t h e  disk, a steady state was 
established and the  temperature gradients measured. 
then removed, a portion of the coating material w a s  ground away, and the  
contact surfaces of the b a r s  and the disk were relapped. Gradients were 
then remeasured. After several  measurements of t h i s  type, su f f i c i en t  da ta  
were obtained t o  determine the  temperature gradient i n  the  c o a t b g  material. 

The faces of each disk were next ground f la t  and p a r a l l e l  

The specimen was 

A schematic drawing of the  apparatus is  shown i n  f igure 3 and a photo- 
graph, i n  figure 4. A s  can be seen from the  drawing, the  s t a in l e s s - s t ee l  
bars, with the  specimen i n  posi t ion between them, are placed in a furnace 
that i s  f i l l e d  with diatomaceous earth.  
which is heated by three independent res is tance co i l s ,  i s  matched t o  t h e  
gradient i n  the  b a r s  t o  minimize l a t e r a l  heat flow. The heating element 

The gradient i n  the  Incoloy she l l ,  
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Coating Filler 

used for establishing the temperature gradient along the bar assembly is 
inserted into a hole machined into the upper end of the top bar. 
sure of 100 psi is applied to the specimen through the bar assembly with 
a lever-arm mechanism. 
achievement of reproducible contact resistances. 

A pres- 

This pressure was found to be necessary for 

Pyrometric 
cone equivalent 

The thermal conductivity of the coating material cannot be calculated 
unless that of the bar material is known. The mathematical relationship 
between the two is 

IC-ll5M 
IC-126 

where 
the b a r  material at the interface and 
material. 

(dt/dx)b is the temperature gradient in an infinitesimal layer of 

(dt/dx)c is that in the coating 

Ce02 plus powdered quartz 
Powdered quartz plus black- 
color oxide 

Measurements were made on three coatings at 350°, 625', goo0, and 
1,155' F and these measurements were converted to thermal conductivity by 
using the values for AIS1 type 303 stainless steel reported in reference 5. 
The resulting data are plotted in figure 5. 

IC -135 Diatomaceous earth plus 29-31 
powdered quartz 

The thermal conductivities of the three coatings fell between 5 and 

The diatomaceous earth coating had the lowest thermal con- 
10 (Btu/ft2)(hr) (OF/in. ) . The conductivities of all three decreased with 
temperature. 
ductivity and the coating containing black-color oxide ( 1c-126), the high- 
est. The rate of change of conductivity with temperature for coating 
IC-126 is unusually high. This high rate may be caused by structural 
changes; a color change was noted in the coating material after testing. 

Refract or ines s 

The pyrometric cone equivalence of four selected compositions was 
determined in accordance with the AS?M standard method for refractory 
materials (ref. 6). The results were as follows: 

I IC-109F I Powdered quartz I 31-32 
19 
33 

Approx. temp . 
e qui valent, OF 

3,074 
2,809 
3,169 

3,040 



Thermal Ekpans ion 

In  order t o  measure thermal expansions, a dilatometer was constructed 
i n  which the  length change of the  specimen on heating could be measured 
with an Ames d i a l  gage. 

The specimen used with t h i s  equipment was a cylinder 1/2 inch long 
by 1./2 inch i n  diameter. 
material t o  a paste-l ike consistency and then pressing the  material in to  
a Teflon mold. 
removed from t h e  mold and cured at 400° F for 2 hours, and t h e  face sur- 
faces were ground f l a t  and p a r a l l e l  t o  within 0.001 inch on a lap.  A hole 
f o r  a thermocouple w a s  then d r i l l e d  halfway through the  specimen along i t s  
longi tudinal  axis. 

The specimens were formed by drying the  coating 

After drying at  213O f o r  1 hour, t he  specimen blank was  

I n  being s e t  up for a test, the  specimen w a s  placed on a clay-bonded 
fused-alumina base p la t e  t h a t  rested i n  s l o t s  cut i n  t h e  w a l l  of an 18-inch- 

long A l u n d u m  tube with a 1--inch inside diameter. A second tube of t he  

same material, 12 inches long with a 1-inch outside diameter, w a s  placed 
inside the  larger  one, t h e  smaller tube res t ing  on an alumina.bearing 
p l a t e  which was  supported by the specimen. The Ames d i a l  gage, which 
could be read t o  O . G O l m i l l i m e t e r ,  was mounted r i g i d l y  on a brass co l l a r  
that was secured t o  the  top end of the outer tube with set screws. The 
gage w a s  positioned i n  such a way t h a t  t h e  probe was i n  contact w i t h  a 
brass cap which w a s  cemented t o  the  top of the  smaller inside tube. By 
t h i s  arrangement any length change of t h e  specimen plus d i f f e r e n t i a l  
changes i n  length of the  inner and outer tubes were transmitted t o  the 
dial  gage. 
i n t o  a v e r t i c a l  tube furnace. 

1 
2 

c 

Heating w a s  carried out by inser t ing  the  assembly pa r t  deep 

A specimen of fused s i l i c a  w a s  used f o r  ca l ibra t ing  the  equipment. 
The heating rate was  8' F per minute, t he  same as f o r  a11 subsequent 
tests. 
as the  specimen cooled with the  furnace. 

D i a l  gage readings were made during the  heating cycle and a l so  

After ca l ibra t ion  of the apparatus with the  fused s i l i c a  standard, 
t h e  thermal expansion of a specimen of high-purity nickel  was determined. 
The following table shows the agreement with established values (ref. 7) :  
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Literature 
( ref .  7) ,  

in .  /in. /OC 

I .- 

Present 

in.  /in. /"c 
Variation, measurement, percent 

Temperature 

14.4 x 

159 5 

range, 
OC 

15.0 X 4.2 

15.7 1.9 
25 t o  300 
25 t o  600 
25 t o  900 16.3 I 16.7 

Linear expansion coeff ic ient  
I I 1 

2.5 I 
Improved accuracy would have resu l ted  i f  the measurements had been 

m a d e  under steady-state temperature conditions. However, f o r  t he  present 
work greater  accuracy was not important, s ince the  shrinkage behavior of 
t he  coatings during rapid heating was of almost as much in t e re s t  as the 
thermal expansion. 

Thermal-expansion data fo r  f i v e  coatings are shown i n  f igure  6; data 
f o r  AIS1 type 321 s t a in l e s s  s teel  taken from reference 5 are shown f o r  
comparison. 
increase i n  expansion OCCUTS over t he  temperature range of l,OOOo t o  
l , X ) O o  F. 
from the inversion of alpha t o  beta quartz. The beta quartz has a nega- T 

t i v e  coeff ic ient  of thermal expansion and, after it has formed, t he  
coating material upon fur ther  heating shows either a contraction o r  a 
very small expansion depending upon the  other material present. 
case of the IC-123 coating, which contains no quartz, no such rapid change 
i n  expansion i s  noted. 

I n  a l l  coatings which contain quartz as a f i l l e r  a rapid -, 

This behavior is  caused by the increase i n  volume resu l t ing  

In  t h e  

Coating IC-135, which contains diatomaceous ear th  and powdered quartz 
as t h e  f i l l e r  materials, gave a curve somewhat d i f f e ren t  from those f o r  
t h e  other  coatings. As i n  the  other coatings, uniform expansion occurred 
up t o  the  curing temperature of 400' F. Above 400° F, t h e  rate of length 
change with increasing temperature decreased, probably because of a 
shrinkage i n  t h e  coating s t ructure .  This shrinkage tendency was apparent 
i n  a l l  of the coatings, but only i n  the  one containing diatomaceous ear th  
(IC-135) was it su f f i c i en t ly  grea t  from 500° t o  850° F t o  produce a ne t  
contraction. 

The expansion data p lo t ted  in f igure  6 were obtained during the  
i n i t i a l  heating of t he  cured specimens t o  1,600' F. 
p a r t  of t h e  shrinkage noted on this f i r s t  heating was not evident i n  sub- 
sequent heatings of t he  f i v e  coatings. 
expansion occurring during t h e  f i rs t  and second heatings of coating IC-123. 
T h i s  result i s  f a i r l y  typical .  

As would be expected, 

Figure 7 shows the  difference i n  
. 



Density and Porosity 
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Bulk density and apparent and true porosity were determined by means 
of AS’IM standaxd procedures for refractory materials (refs. 8 and 9), with 
the following exceptions: 
material was crushed to pass a U. S. Standard 100-mesh sieve, and (b) the 
specimens were not so large as specified in the standard, being on the 
order of 10 grams in weight. 

(a) In determining true specific gravity, the 

Results of these determinations are given in table 3. The bulk den- 
sities of the coatings ranged from 1.422 grams per cubic centimeter for 
the diatomaceous earth coating (IC-135), which was one of the lightest 
coatings prepared, to 2.415 grams per cubic centimeter for the cerium 
oxide coating (IC-11!%), which was one of the heaviest. 
figures, 100 square feet of the IC-135 coating 0.020 bch thick would 
weigh 15 pounds. 

Based on these 

Oxidation Protection 

The oxidation protection provided by coating IC-109F for mild steel 
was determined as follows: 
SAE 1020 carbon steel of known thickness. 
with 10 bare specimens, were then placed in a resistance-heated furnace 
at 1,500° F for 20 hours. 
removed and thickness measurements were taken. A loss of metal thickness 
occurred for both groups of specimens, but the decrease observed for the 
uncoated specimens was about five times as great as that for the coated 
ones. 

The coating was applied to 10 specimens of 
The coated specimens, along 

At the end of this time the oxide layer was 

Total Hemispherical Mttance 

The total hemispherical emittance was measured’ for three of the 
coatings using a modification of the hot filament method as described by 
Worthing (ref. 10) . For these measurements the O.OlO-by-O.266-by-8-inch 
specimen strip was heated by internal resistance. 
required to maintain a short center section of the strip at uniform tem- 
perature in vacuum was observed and this value was then converted into 
terms of the emittance of the specimens through use of the following 
relationship: 

The power input 

%!he emittance measurements were made by M r .  J. C. Richmond of the 
NBS staff. 

! 
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Measurements made on two specimens of oxidized Inconel gave values 
over the  temperature range of 600° F t o  1,6700 F that agreed almost 
exactly.  The deviation of t h i s  determination from values reported i n  
the  literature (ref. 11) w a s  about 3 percent. 

. 

Einittances were measured on coatings IC-109F, I C - l l ? M ,  and IC-126 
applied t o  specimen s t r i p s  of Inconel. 
0.010 inch thick.  

The coatings were approximately 

The specimen temperature was measured with a 0.005-inch-diameter 
base-metal thermocouple formed by sepasately welding the  two wires t o  
the  surface of t he  Inconel specimen. A correction f o r  t he  temperature 
drop through the  coating was  computed from a knowledge of the  metal 
temperature, t he  rate of heat flow, and t h e  thermal conductivity of t h e  
coating material. 

The measured emittances are plot ted as a function of temperature i n  
Values obtained f o r  ceramic coating A-418 with the  same appa- figure 8. 

ratus are included f o r  comparison. 

The coatings tested have near ly  the  same t o t a l  hemispherical e m i t -  
tance up t o  about l,OOOo F. 
the coatings becomes greater ,  coating IC-115M having an emittance of 
about 0.5 and IC-126, one of about 0.7 at 1,500° F. 

A t  higher temperatures the  difference among 

The da ta  shown were obtained on the  first heating of t h e  specimens 
above the 400' F curing temperature. 
versus-temperature curves of t h e  coatings were displaced upward. 
increase i n  emittance was s l igh t ,  however, f o r  a l l  of t h e  coatings except 
IC-126. 
emittance of about 0.9 at  1,300° F. 
brought about by a change i n  t h e  material during the  first heating. 

On subsequent heatings the  emittance- 
The 

On the second heating, t h i s  coating had a t o t a l  hemispherical 
Such a large increase would only be 

CONCLUDING REMARKS 

A new type of ceramic coating has been described i n  which ceramic 
oxide powders are bonded with monoaluminum phosphate. 
coatings do not require  a high f i r i n g  temperature; curing at 4.00' F 
imparts s t a b i l i t y  t o  the  s t ruc ture  and provides sa t i s f ac to ry  water resis- 
tance. 

The resu l t ing  

A good bond t o  clean sandblasted metal surfaces was obtained. 

The coatings, after curing, a re  g lass  f ree .  The surface is  hard, 
but not as hard as flame-sprayed alumina or f i r e d  ceramic coatings. 
Softening temperatures f a l l  i n  t he  range of 2,800' t o  3,150' F. 
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The coatings, although 
f o r  metals l i k e  mild steel. 
a re  low, being of the  order 

porous, provide some oxidation protect ion 
The t h e m 1  conductivit ies of t h e  coatings 

of one-twentieth that of t he  18-8 s t a i n l e s s  
steels and one five-hundredth that of aluminum a l loys  at room temperature. 

The coatings when applied t o  s t a in l e s s  s t e e l  at thicknesses of 
0.20 inch or grea ter  do not withstand repeated thermal shock by air-cooling 
from temperatures above 1,200' F. Such heavy appl icat ions will, however, 
withstand a s ingle  rapid heating t o  a much higher temperature, and t h i n  
layers  (0.001 inch t o  0.002 inch) w i l l  withstand repeated water-quenching 
from 1,400~ F. 

The surface tex ture  of t he  coatings is  dependent upon t h e  appl icat ion 
Sprayed o r  dipped coatings a re  much smoother than layers  technique. 

applied by brushing. 

The t o t a l  hemispherical emittance of t he  coatings is  dependent on 
the  type of f i l l e r  used and, when the coatings a re  applied by spraying, 
ranges from 0.7 t o  0.7 at  1,500° F i n  the initial heating above 4-00' F. 
The emittance of most coatings is  s l i g h t l y  higher in subsequent heatings 
than i n  the  i n i t i a l  heating. 
t o  high temperature f o r  t he  f i r s t  time this coating apparently undergoes 
a permanent change which i s  accompanied by an increase i n  emittance on 
subsequent heating t o  about 0.9 at 1,300' F. 

Coating IC-126 i s  an exception. When heated 

Coatings applied as heavy layers  would provide thermal insu la t ion  
except that such layers  when applied at  the  necessary thickness a re  sus- 
cept ib le  t o  cracking by thermal shock. Reinforcement with expanded metal 
i m p a r t s  mechanical s t rength t o  a heavily applied layer;  however, t he  
presence of t he  metal reinforcement lowers the  insu la t ion  value of the 
coating and increases i t s  weight. I n  addition, good surface tex tures  
a re  d i f f i c u l t  t o  achieve; a lso,  shrinkage cracks OCCUT when layers  re in-  
forced with expanded metal are heated above 1,200' F. 

The authors believe t h a t  the  grea tes t  promise f o r  t he  new coatings 
l i e s  i n  t h e i r  po ten t i a l  use as t h i n l y  applied layers.  Coatings of t h i s  
type have good thermal-shock res i s tance  when applied at  thicknesses of 
0.003 inch or less. The coatings could be formulated so as t o  provide 
high emittance for airframes. A comparable emittance could of course 
be achieved on s t a in l e s s  s t e e l s  and nickel-base a l loys  by oxidizing the 
f in i shed  airframe at a temperature in the  range from 1 , 6 0 0 ~  t o  2,000° F. 
However, such a heat treatment i s  seldom feas ib l e  and the  achievement of 
high emittance through the  use of a t h i n  ceramic layer  requir ing heating 
t o  only 4000 F might be a more p r a c t i c a l  approach. The high-emittance 
skin would permit cooler operation through rad ia t ion  of thermal energy. 
I n  addition, t he  inherent re f rac tor iness  of the  coating would permit i t s  
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use at much higher temperatures than are possible with coatings t h a t  
are bonded with organic res ins .  

National Bureau of Standards, 
Washington, D. C. ,  October 13, 1938. 
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Coating 

IC-109F 

1c-11~ 

IC-126 

. 

'Oat ing Quenching 
thickness, medium 

in .  

0.0015 Water 
.005 Water 
.005 Air 
.020 A i r  
.20 Air 

.0015 Water 

.OO? Water 
0005 Air . Ox) Air 
..a A i r  

.OOl? Water 

.005 Water 
0005 Air 
.020 Air 
.20 A i r  

TABLE 2. - RESULTS OF THEBMAL SHOCK TESTS 

IC-123 

I I 

.005 Air 

.020 A i r  

Failure,  
L emper ature, 

a) 

1400 

1400 

OF 

1600 

1600 

( b )  

1400 
1200 
1200 
1000 
( b )  

1400 
1200 
1200 
1000 
(b  1 
800 
600 

2ycle number foi  
f i rs t  f a i l u r e  

3 
1 
1 
8 - 
1 
1 
1 
1 - 
1 
1 
1 
8 - 
1 
4 

%ernperatwe at which f laking of coating occurred on one 

bCoating was held i n  place by metal mesh after 10 cycles 
Cracking and 

o r  more specimens. 

at 1,800' F, the  highest tes t  temperature used. 
separation of coating from metal began f o r  a l l  reinforced 
coatings at  1,200' F. 
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IC-11w 

TABLE 3.- ERTLK DENSITY, APPARENT POROSITY, AND TRUE POROSITY 

Cerium oxide plus pow- 
dered quartz 

Coating F i l l e r  mater ia l  

IC-109F Powdered quartz 

IC-135 t IC-126 

~ ~~ 

Diatomaceous ea r th  
plus powdered quartz 

Black-color oxide 
plus powdered quartz 

B U S  
density,  

g/cc 

1.821 

1.422 

2.040 

2.415 

Apparent 
porosity,  

percent 

25.2 

35- 1 

31.3 

33.1 

True 
por o s it y , 

per cent 

40.4 

53* 2 

38.3 

42.6 
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Figure 1.- Effect of curing temperature on r e l a t i v e  hardness of four 
coatings bonded with monaluminum phosphate. 
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L-59-5045 
Figure 2.- Water-dropping equipment f o r  evaluating moisture res is tance.  
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Figure 3.- Schematic drawing of apparatus used for determining thermal 
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Figure 6.- Line- expansion curves of f i v e  aluminum phosphate coatings 
and of A I S 1  type 321 s t a in l e s s  steel. 
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Figure 7.- Expansion curves obtained on coating IC-123 during first and 
second heatings. 
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